Background. C3d is a product of both the classic and the alternative complement cascades; however, few studies have addressed the role of C3d in renal biopsies and its relationship with long-term graft survival rate is not very clear. Methods. 94 patients with biopsyproven acute rejection episodes were included in the study. We investigated the associations between histological findings, clinical examinations, and outcome. Results. The overall prevalence for C4dPTC and C3dPTC was 42.6% and 29.8%. There was a significant association between C3dPTC and C4dPTC ( < 0.001). C3dPTC and C4dPTC were related with histological types ( = 0.024 and < 0.001, resp.). The long-term survival rate for C4dPTC positive transplants was lower than that of C4dPTC negative transplants, but it was not statistic significant in our study ( = 0.150). The survival rate of C3dPTC positive group was much lower than the negative group ( = 0.014). Patients with double positives for C4dPTC and C3dPTC exhibited the lowest survival rate significantly different from those of the C3dPTC only and C4dPTC only groups ( = 0.01 and = 0.0037). Conclusions. This longitudinal cohort study has demonstrated that C3d deposition in the PTC was closely related to renal dysfunction and pathological changes.
Introduction
Renal transplantation has been so far the best way to treat end-stage renal disease (ESRD). However, doctors and patients are still facing many challenges during the implementation of the clinical procedure, among which renal rejection has always been a major concern. Acute rejection (AR), the leading cause for renal allograft dysfunction, has been classified according to the Banff-97 criteria [1] . Based on data from modern series, the incidence of antibodymediated acute rejection (AbAR) is significant, reported between 0 and 8% in renal allograft recipients in large centers. Within the past decade, reports have emerged regarding the usefulness of peritubular capillary (PTC) staining for C4d as a marker of AbAR. PTC deposition of the complement fragment C4d identifies patient who has developed acute humoral rejection and is used as a strong predictor for longterm graft survival rate [2] [3] [4] . Although C4dPTC has been the focus of many studies in adult renal transplantation, C3dPTC has received much less attention. To date, there have been only a limited number of studies on C3d staining in renal allograft [5, 6] . C3d is a product of both the classic and the alternative complement cascade. Sund et al. [5] reported that, in 37 protocol biopsies taken a median of 7 days after transplantation, they found 11 C4d positive with concurrent C3d deposition in 3. Graft loss within 2 months occurred in two of the 3 C3d-positive cases, while only one C3d-negative graft was lost. Another research group examined C3dPTC in adults with AR biopsies taken during the first year after transplantation. Comparing outcomes of patients with C3dPTC positive and C3dPTC negative [6] , they found that patients with C3d-positive rejection were significantly 2 Disease Markers more likely to have delayed graft function and also had a higher rate of graft loss than those with C3d-negative rejection (23% versus 7%). But the sample number was too small to allow for significant analysis of survival among the different combination of C3dPTC and C4dPTC groups. Moreover, the short follow-up time in the existing studies failed to reflect the relationship between C3dPTC and longterm survival rate of the graft. The purpose of this study was to determine the relationship between C4d and C3d and the effect of peritubular capillary deposition of C4d and C3d with rejection type, and with graft long-term survival rate in Chinese renal recipients.
Materials and Methods

Patients and Biopsies.
This retrospective study analyzed histologic findings and clinical data in renal allograft recipients at the Nephrology Center of the First Affiliated Hospital of Zhejiang University. 94 patients with biopsy-proven AR episodes occurring during the first year after transplantation between 1999 and 2003 were included in the study. Multitransplant and multiorgan transplant patients were excluded. Clinical and laboratory data and follow-up data for subjects experiencing acute rejection were extracted from their medical records in our center, including their age, gender, primary disease, posttransplantation day at biopsy, serum levels of creatinine and panel-reactive antibody (PRA) level at the time of biopsy, type of immunosuppressive drugs used, human leukocyte antigen (HLA) mismatch, cold and warm ischemic times, serum PRA level and dialysis duration before transplantation, serum creatinine at 3, 6, and 12 month after transplantation, acute rejection episodes, and graft outcome. The follow-up data were all available in transplant database. The end-point was November 2013 or the day of graft loss, the mean follow-up was 2856 ± 1703 days.
Immunosuppressant.
All the patients received triple therapy of cyclosporine (CsA) or tscrolimus (FK506)+ster-oid+MMF. Methylprednisolone (MP) was administered intravenously at a dose of 500 mg during the transplantation and on days 1 and 2 and of 250 mg on day 3 after the operation. It was switched to oral prednisolone at a dose of 80 mg/d and tapered to a maintenance dose of 10 mg/d after three months. The daily CsA (FK506) dose was initiated at an oral dose of 6-7 mg/kg (0.1 mg/kg) until the value of serum creatinine declined to 250 umol/L and adjusted according to the blood levels of CsA (FK506), which were maintained at 250-300 ng/mL (6-8 ng/mL) after 3 months. MMF was given at a dose of 1.0-2.0 g/d. Induction therapy with antithymocyte globulin (ATG) or anti-CD3 monoclonal antibodies (OKT3) was not routinely given. Rejection episodes were treated with a large dose of MP (4-6 mg/kg) for 3-5 days, and, to some patients with steroid-resistant rejection, intravenous ATG (100 mg/d) or OKT3 (5 mg/d) was used for 5-7 days. And two patients received double-filtration plasmapheresis (DFPP).
C3d
Staining. Rabbit-originated polyclonal antibody (purchased from Biomedical Corporation, Vienna, Austria) was used to detect C3d in paraffin-embedded tissue. Four um thick sections were routinely deparaffinized and the endogenous peroxidase activity was blocked by 3% hydrogen peroxide. Antigen retrieval was achieved by pressure-cooking for 10 min at 1 bar in citrate-buffer (pH 6.0). Sections were firstly incubated overnight at 4 ∘ C with C3dAb (dilution 1 : 1 : 500 Dakopatts A/S, DK-2600 Glostrup, Denmark) and washed in PBS for three times, again, followed by incubating 10 min with a secondary antibody, IgG antibody-(Fab-) HRP polymer which was used according to the manufacturer's protocol. Tissues then were stained for 10 min with fresh diaminobenzidin (DBA) solution.
C4d staining was routinely performed on all renal allograft biopsies at our center during the study period. Biopsies were assessed for C4d and C3d staining by two different researchers (double blind). The results were considered C4d-positive or C3d-positive if more than one of their biopsies exhibited circumferential staining for over 25% of the peritubular capillaries.
Statistical Analyses.
Descriptive statistical values are presented as mean ± SE or as medians with 25th and 75th percentile values, depending on the underlying distribution. Continuous variables were compared by the -test or the Wilcoxon rank-sum test where appropriate. Categorical variables were compared by the 2 test. A value of <0.05 was considered significant. Graft survival rates were estimated by using the Kaplan-Meier method, and survival curves were compared by the log-rank test. The Cox proportional-hazards model was used to identify important predictors of the time to graft loss.
Results
The Prevalence of C4dPTC and C3dPTC.
We obtained a total of 94 biopsy samples from patients with active AR episodes and stained them for C4d and C3d. Typical staining patterns are shown in Figure 1 , where C4d and C3d both exhibit a linear structure along the entire circumference of the peritubular capillaries. We defined a positive case by the appearance of such characteristic staining in more than 2 samples from the patient, while excluding C4d or C3d deposition in the glomerulus. The overall prevalence for C4dPTC and C3dPTC calculated using such criteria was 42.6% and 29.8%, respectively. Among them, 47 biopsies are C3d−C4d−, 19 biopsies are C3d−C4d+, 7 are C3d+C4d−, and 21 are C3d+C4d+. The association study revealed a significant correlation between C3dPTC and C4dPTC ( < 0.001).
Demographic Data.
Patient demographics are summarized in Table 1 . The subgroups in C3dPTC or C4dPTC have no statistical differences in gender, age, warm ischemic time, cold ischemic time, dialysis duration, and HLA mismatch. But they are all related to the pretransplant PRA ( = 0.048 and = 0.031 resp.).
Histological Findings.
Renal biopsies were divided into three portions, for light microscopic, electron-microscopic, and immunohistochemical analysis. Tissues were fixed in 10% buffered formalin and embedded in paraffin, cut in 4 um Tables 2 and 3 . C3dPTC and C4dPTC were related with histological types ( = 0.024 and < 0.001, resp.). Like C4dPTC staining, C3dPTC positive can be seen in all kinds of rejections, but it is commonly seen in the vascular rejection. C3dPTC, but not C4dPTC, was associated with tubulitis ( = 0.049), while C4dPTC was much more related to glomerulitis ( = 0.034). They were all associated with intimal arteritis ( < 0.001 and 0.001, resp.), but the differences in other pathological features, interstitial inflammation, mesangial proliferation, and immunofluorescence stain of C3 and C4, were not significant between the C4dPTC (C3dPTC) positive and negative groups. In all biopsies, 16 were found to display chronic allograft nephropathy changes, but the difference between C3dPTC subgroups and C4dPTC subgroups was not significant.
Clinical Correlates.
Acute rejection developed on average about 3 months after transplantation in C4dPTC positive and C3dPTC positive groups, which were much later than the negative groups. The highest and the lowest creatinine levels during the acute rejection were also significantly higher in C4dPTC positive and C3dPTC positive groups while compared to their negative groups. 19 patients had graft loss during the acute rejection, but there was no significance between the C3dPTC positive and negative groups or C4dPTC positive and negative groups. The creatinine level was different in one year after transplant between C4dPTC+ and C4dPTC− groups whereas that in C3dPTC positive and negative groups was different in only 6 months after transplant (Table 4) . A total of 89 serum samples taken at the time of biopsy were analyzed for PRA (Table 5 ). 32.4% of the C4d-positive biopsies were associated with the presence of PRA. PRA positive was also noted in 11.5% C4d-negative biopsies ( = 0.03). 44% C3d positive biopsies were related to the PRA, while it also appeared in 10.9% of the C3d negative group. 55.6% of C4d and C3d double positive biopsies could find PRA, which was much higher than the C4d negative and C3d negative group ( = 0.001).
The long-term survival rate of C4dPTC positive transplants was lower than that of C4dPTC negative transplants, but it was not statistically significant in our study (log rank 2.077, = 0.150). C3dPTC had great impact on graft functional survival; the survival rate of C3dPTC positive group was much lower than the negative group (log rank 6.043, = 0.014), while, combined C4dPTC with C3dPTC, the survival rate was lowest in C3dPTC+C4dPTC+ group, and it has reached statistical significance when compared to the C3dPTC−C4dPTC− or the C3dPTC−C4dPTC+ group ( = 0.01 and = 0.0037, resp.) (Figures 2(a) , 2(b), and 2(c)).
The Cox proportional-hazards model was used to identify important predictors of the time to graft loss ( Table 6 ). The variables included in multivariate analyses were patients' age, patient gender, dialysis duration, pre-and posttransplant PRA level, number of HLA mismatch, cold and warm ischemic time, C4dPTC, C3dPTC, and histological parameters. It shows that posttransplant PRA and C3dPTC were the independent risk factors for the graft functional survival with the odds ratio of 6.797 and 9.210, respectively ( = 0.019 and = 0.025).
Discussion
This study analyzed the prevalence of C4dPTC and C3dPTC retrospectively in Chinese renal transplants allograft biopsies and investigated the possible association of these complement split products with histologic features and clinical outcome. To our knowledge, this is the most extensive longitudinal cohort study of adult kidney transplant recipients reported to date, as measured by the follow-up time of patients. Many studies have suggested acute rejection as an important factor causing chronic rejection and renal allograft failure. But the influence of AR has been considered more complex than expected [7] . Within the past decades, reports have emerged regarding the usefulness of peritubular capillary staining for C4d as a marker of AbAR. C4d capillary staining may be correlated with poor outcome and requirement for more aggressive immunosuppressive therapy [4] . In our study, the prevalence of C4dPTC is 42.6%, and it is coincided with what had been reported in other studies [8, 9] . Our study demonstrated that the long survival rate of C4dPTC positive transplants was not significantly worse than that of C4dPTC negative transplants, likely due to the aggressive treatment with antithymocyte globulin or OKT3.
C3d is the final split product of C3, which is the central component of the complement system. C3d is a stable marker of complement activation that binds covalently to cell surfaces, so it can persist for a long time in the tissue. It is a ligand of complement receptor 2 (CR2) on B lymphocyte. The interaction between C3d and CR2 is a key aspect of complement immune system activation and is a component in a link between innate and adaptive immunities [10, 11] . In this study, we showed that C3dPTC positive staining is related to the type of acute rejection episodes and is an indicator of poor prognosis for long-term survival rate. C3dPTC was similar Disease Markers to C4dPTC, as they were both observed with comparable frequencies in AR biopsies. In this regard, C3dPTC can also be used as a marker for AbAR. A meaningful comparison among the four subgroups and the association with longterm survival rate shows that the group of C3d+C4d+ had the worst outcome. Although we cannot claim that C3dPTC is a more sensitive marker for prognosis, as more aggressive treatment was used for C4dPTC positive rejection episodes, this study suggests that C3d deposition in PTC is a useful biomarker for prognosis. However, C3dPTC is indeed different from C4dPTC, as all combinations of C3d and C4d deposition are present in our study (C3d−C4d−; C3d+C4d−; C3d−C4d+; C3d+C4d+). In biopsies where only C3d was found indicating the existence of possible amplification loops that only augments C3, but not C4 deposition under the influence of certain risk factors, the complement cascade is initiated through the classic, alternative, and lectin pathways. The classic pathway is antibody mediated, while the lectin and alternative pathways are triggered by distinct carbohydrate or lipid patterns on microbes or host cells. Whether the C3dPTC is activated by the alternative or the lectin pathway to some extent is at present unclear. In our paper, we just found the phenomenon of the C3dPTC with the worse outcome. Further research should be made to discuss this problem.
Rejection and graft survival are determined by many risk factors. Besides the immunosuppression regimen and transplant center effects, age, sex, dialysis duration, PRA, and rejection type, all have been proposed as high-risk factors. As C3dPTC is related to AR episodes and graft outcomes, we analyzed the relationship between C3dPTC and these factors. We were surprised to find that PRA, tubulitis, intimal arteritis, and rejection onset time were all associated with C3dPTC.
The product of DSA is an indicator for poor prognosis [12] and humoral components can speed up the development of chronic transplant nephropathy [13] [14] [15] [16] . Unfortunately we carried out the DSA test 6 years ago in our hospital, so many patients lacked the data of DSA and we did not discuss the correlation between DSA and the C3d deposition in this paper. It is well known that recipients with high PRA levels show high risk of delayed graft function, AR, or even kidney loss [17] . Previous researches found that there was a significant degree of concordance between the posttransplant PRA and DSA [17] . Our study showed that the PRA levels differed significantly before and after transplant in C3dPTC-positive and -negative groups. We speculate that C3dPTC may correlate with DSA as well, which will be addressed in greater detail in our future study.
In all Banff scored lesions, interstitial inflammation and tubulitis alone have the greatest likelihood of reversibility and good graft outcome. Intimal arteritis is less responsive to steroid treatment and may require potent antibody therapy, especially for transmural arteritis and/or arterial fibrinoid necrosis [18] [19] [20] . In our study, C3dPTC positive was significantly associated with tubulitis and Intimal arteritis. Therefore, a positive C3d staining alone without evidence of histologic features of AMR should be interpreted with caution.
In our previous study, we discovered that early complete reversal of AR had no significant effect on the long-term outcome [21] . Another group found the similar result, and showed that later AR had poor clinical outcome and was often refractory to antirejection therapy [22] . Interestingly, in this retrospective study, we discovered that most C3dPTC positive AR took place after 3 months after transplantation.
The Cox proportional hazard models show that C3d is an independent risk factor for graft long-term survival rate. The way in which local deposition of C3d accelerates renal allograft rejection is not yet solved. Due to the significance of the C3d-CR2 interaction and its role in increasing B-cell sensitivity, extensive research has been performed trying to address the nature of the interaction, as well as to identify approaches for the design of new therapeutics and vaccines. Clinical renal biopsy studies have shown that there was a marked upregulation of C3 and C4 gene expression in a variety of inflammatory conditions [23, 24] . This is especially pronounced in rejecting kidney allografts [25] . In renal allografts, it has been demonstrated that there was defective T-cell priming in the absence of local synthesis of C3 [26] , suggesting that locally produced C3 is more crucial for acute cellular rejection than the circulating host derived C3. Current evidence indicates that defective local synthesis of C3 can both reduce tissue injury and lower the antidonor Tcell response, therefore substantially increasing graft survival rate. Further studies are needed to investigate the relationship between the locally deposited C3d and rejection.
In summary, this longitudinal cohort study has demonstrated that C3d deposition in the PTC was closely related to renal dysfunction and pathological changes. C3dPTC is also an indicator for poor prognosis, which can be used in clinical practice. Further investigation of C3d and C4d levels should be considered for potential use in routine patient care, clinical research, and testing of potential novel therapeutic agents.
